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Abstract
We study the final outcome of gravitational collapse resulting from
the plane symmetric charged Vaidya spacetime. Using the field equa-
tions, we show that the weak energy condition is always satisfied by
collapsing fluid. It is found that the singularity formed is naked. The
strength of singularity is also investigated by using Nolan’s method.
This turns out to be a strong curvature singularity in Tipler’s sense
and hence provides a counter example to the cosmic censorship hy-
pothesis.
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Oppenheimer and Snyder are the pioneers for the description of gravita-
tional collapse of stars [1]. The study of gravitational collapse is motivated
by the fact that it represents one of the few observable phenomena in the
universe. The end state of a continual gravitational collapse of a massive
star is an important issue in gravitation theory. According to Penrose, grav-
itational collapse of a star gives rise to a spacetime singularity [2] provided
the conditions such as trapped surface formation etc are satisfied. Also, the
singularity theorems of Hawking and Penrose provide a strong reason to be-
lieve that a singularity occurs at the end of gravitational collapse [3]. The
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spacetime singularity is a region where curvature and densities are infinite
and their physical description is not possible. These singularities are of two
kinds: naked if it is visible otherwise it is a clothed singularity, i.e., a black
hole.
It would be interesting to investigate whether the singularity forming at
the end of gravitational collapse is observable. There is an important con-
jecture related to the singularities known as cosmic censorship hypothesis
(CCH) given by Penrose [4]. This states that the collapse of a physically
reasonable initial data yields a spacetime singularity which is always hidden
behind the event horizon. It has two versions, i.e., weak and strong. Ac-
cording to the weak version, singularity formed by gravitational collapse is
not visible to a far away observer. The strong cosmic censorship hypothesis
states that the singularity cannot be observed even by an observer who is
very close to it. Wald [5] discussed some examples to justify the validity of
weak form of CCH.
Despite of several attempts, there is no proof available for CCH and it
remained an open problem. However, significant progress has been made in
trying to find counter examples to CCH. Papapetrou [6] was the first who
showed that the Vaidya solution [7] could give rise to naked singularities. This
solution is widely used for discussing counter examples to CCH. Using the
concept of gravitational lensing (GL), Virbhadra et al. [8] introduced a new
tool for examining naked singularities. Gravitational lensing is the process
of bending of light around a massive object such as a black hole. Virbhadra
and Ellis [9] discussed GL by the Schwarzschild black hole. It was found that
the relativistic images guarantee the Schwarzschild geometry close to event
horizon. The same authors [10] also analyzed GL by a naked singularity.
Claudel et al. [11] proved that the necessary and sufficient condition for the
black hole to be surrounded by a photon sphere is that a reasonable energy
condition holds. Virbhadra and Keeton [12] showed that weak CCH can be
examined observationally without any uncertainty. Virbhadra [13] found that
Seifert’s conjecture is supported by the naked singularities forming during
Vaidya null dust collapse. The same author developed an improved form of
CCH using GL phenomenon [14].
Lemos [15] showed that the gravitational collapse of a spherical matter
distribution in an anti-de Sitter spacetime form naked singularities, violat-
ing CCH while for the cylindrical or planar case, the collapse form black
holes rather than naked singularities supporting CCH. Ghosh [16] introduced
charged null fluid in the results found by Lemos. Harko and Cheng [17]
2
showed that a naked singularity is found in collapse of strange quark matter
with Vaidya geometry for a particular choice of parameters. Sharif and his
collaborators [18]-[23] discussed gravitational collapse in a variety of papers
and also the effects of electromagnetic field are analysed.
Joshi and his collaborators [24]-[25] used dust collapse models to discuss
physical features that caused the occurrence of naked singularities. The
results are generalized using type I matter. They concluded that shearing
forces and inhomogeneity within the collapsing matter lead to the formation
of naked singularities. Zade et al. [26] found that the singularity is naked in
monopole charged Vaidya spacetime.
In this brief paper, we analyze the singularity occurring in plane symmet-
ric charged Vaidya spacetime. For this purpose, the spacetime for imploding
radiations is given by [27]
ds2 = (
2m(v)
r
−
e2(v)
r2
)dv2 + 2drdv + r2(dx2 + dy2). (1)
Here −∞ < x, y <∞ which describe 2-dimensional space and has topology
R × R, − ∞ < v < ∞ is null coordinate, called the advanced Eddington
time and 0 ≤ r < ∞ is the radial coordinate. This represents solution of
the Einstein-Maxwell field equations with plane symmetry. We number the
coordinates as x0 = v, x1 = x, x2 = y and x3 = r.
We take the matter as charged null dust for which the energy-momentum
tensor is [16]
Tab = ρℓaℓb + T
em
ab , (2)
where the part ρℓaℓb is for null dust, ρ is the energy density of the null dust
and ℓa is a null vector defined as
ℓa = δ
0
a, ℓaℓ
a = 0. (3)
The electromagnetic energy-momentum tensor is
T emab =
1
4π
[FacF
c
b −
1
4
gabFcdF
cd], (4)
where Fab is the electromagnetic field tensor given by
Fab =
e(v)
r2
(δ0aδ
3
b − δ
0
bδ
3
a). (5)
3
Using the Einstein field equations, Gab = κTab, we obtain
ρ =
1
4πr3
(rm˙− ee˙), (6)
where dot denotes differentiation with respect to v. The weak energy condi-
tion is satisfied if ρ ≥ 0, which is possible only when rm˙−ee˙ ≥ 0, i.e., r ≥ ee˙
m˙
.
We know from the literature [28] that Lorentz force prevents the particle to
move into the region where r < ee˙
m˙
, so the energy condition is always satisfied.
It is assumed that the first wavefront arrives at r = 0 at time v = 0 and
the final wavefront reaches the center at v = T . A singularity of growing
mass develops here at r = 0. For v < 0, the spacetime is Minkowski with
m(v) = e(v) = 0 and for v > T , the spacetime settles to plane symmetric
Reissner Nordstro¨m solution. Thus, for v = 0 to v = T , the spacetime is
plane symmetric charged Vaidya spacetime.
In order to check whether the singularity is naked or clothed, we examine
the behavior of radial null geodesic. This is defined as [29]
ds2 = 0, dx = 0 = dy. (7)
If the radial null geodesic equation admits at least one real and positive root
then the singularity is naked. The geodesic equations for charged Vaidya
spacetime, using Eq.(7), are given by
v¨ + (
mr − e2
r3
)v˙2 = 0, (8)
r¨ + [
m˙r − ee˙
r2
−
(2mr − e2)(mr − e2)
r5
]v˙2 − 2(
2mr − e2
r3
)r˙v˙ = 0. (9)
Now m(v) and e(v) are unknown functions of v. For analytic solution, we
take
m(v) =
λv
2
, e2(v) = µv2; λ, µ > 0. (10)
Using these values in Eq.(1), it follows that
ds2 = (
λv
r
−
µv2
r2
)dv2 + 2drdv + r2(dx2 + dy2). (11)
This represents a self-similar metric and X = v
r
is the self-similarity variable.
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The radial null geodesics for this spacetime are given by
dv
dr
=
2
−λv
r
+ µv
2
r2
(12)
which has a singularity at r = 0, v = 0. Suppose that X0 is the limiting
value of X as the singularity is approached, i.e.,
X0 = lim
r→0,v→0
X = lim
r→0,v→0
v
r
= lim
r→0,v→0
dv
dr
. (13)
Using Eq.(12), this equation becomes
µX3
0
− λX2
0
− 2 = 0. (14)
We know that [30] every equation of odd degree has at least one real root
whose sign is opposite to that of its last term, the coefficient of first term
being positive. This implies that Eq.(14) has at least one real and positive
root independent of the values of parameters λ and µ. Hence the singularity
occurring in plane symmetric charged Vaidya spacetime is at least locally
naked, in particular, for λ = 0.1, µ = 0.1, X0 = 3.09198. Singularity arising
in uncharged case can be examined by taking µ = 0 in Eq.(14). In this case,
it turns out that Eq.(14) has no real root implying that the collapse ends at
a black plane as final state.
To see whether it is a scalar polynomial singularity or not, we find the
non-vanishing components of the Riemann tensor
R0113 = −(
−mr + e2
r2
) = R0223,
R1212 = 2mr − e
2, R0303 =
−2mr + 3e2
r4
,
R0101 = −
1
r4
(−r4m˙+ r3ee˙ + 2m2r2 − 3mre2 + e4).
Using these values, the Kretschman scalar R = RabcdR
abcd, becomes
R =
4
r6
(4m2 +
e4
r2
−
4me2
r
). (15)
Also in view of Eq.(10) and X = v
r
, it takes the form
R =
4
r4
(λ2X2 + µ2X4 − 2λµX3). (16)
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This shows that the Kretschman scalar diverges at the singularity and hence
singularity is a scalar polynomial.
Now we explore the strength of singularity using Nolan’s method [31]
according to which a singularity is strong at r = 0 if r˙ has zero or infinite
limit along every causal geodesic approaching the singularity. The strength
of singularity is important in the sense that CCH may not be ruled out for
weak naked singularities. We assume that r˙ is non-zero and finite as the
singularity is approached, i.e.,
r˙ ∼ h0 ⇒ r ∼ kh0 (17)
and
v˙
r˙
= X0 ⇒ v ∼ kh0X0, (18)
here dot denotes differentiation with respect to affine parameter k. Using
Eqs.(17) and (18), Eq.(8) implies that
v¨ = Ck−1, C = −(
λ
2
− µX0)h0X
3
0
. (19)
Since k = 0 as the singularity is approached which implies that v¨ is
undefined and hence v˙ is undefined. However, we already have v˙ = h0X0.
These values are consistent only if C = 0 giving rise to
X0 =
λ
2µ
. (20)
Replacing this value of X0 in Eq.(14), we get
λ3 + 16µ2 = 0 (21)
which is not possible as λ and µ are positive. Thus the inconsistency of
Eqs.(18) and (19) imply that our supposition is wrong, i.e., r˙ is either zero or
infinite. Hence singularity is strong in Tipler [32] sense providing a counter
example to weak form of CCH.
Finally, we conclude that the singularity is at least locally naked violating
weak CCH. The existence of positive roots of Eq.(14) only show that the null
geodesics are coming out from the singularity but nothing could be said about
the escape of these geodesics from the boundary of the collapsing matter.
However, the mass function can be chosen in such a way that a locally naked
singularity becomes globally naked [33].
6
References
[1] Oppenheimer, J.R. and Snyder, H.: Phys. Rev. 56(1939)455.
[2] Penrose, R.: Phys. Rev. Lett. 14(1965)57.
[3] Hawking, S.W. and Ellis, G.F.R.: The Large Scale Structure of Space-
time (Cambridge University Press, 1973).
[4] Penrose, R.: Nuovo Cimento 1(1969)252.
[5] Wald, R.M.: arXiv: gr-qr/9710068.
[6] Papapetrou, A.: in A Random Walk in Relativity and Gravitation, eds.
Dadhich, N., Rao, J.K., Naralikar, J.V. and Vishveshwara, C.V. (Wiley,
1985).
[7] Vaidya, P.C.: Proc. Indian Acad. Sci. A33(1951)264; reprinted, Gen.
Relativ. Grav. 31(1999)119.
[8] Virbhadra, K.S., Narasimha, D. and Chitre, S.M.: Astron. Astrophys.
337(1998)1.
[9] Virbhadra, K.S. and Ellis, G.F.R.: Phys. Rev. D62(2000)084003.
[10] Virbhadra, K.S. and Ellis, G.F.R.: Phys. Rev. D65(2002)103004.
[11] Claudel, C.M., Virbhadra, K.S. and Ellis, G.F.R.: J. Math. Phys.
42(2001)818.
[12] Virbhadra, K.S. and Keeton, C.R.: Phys. Rev. D77(2008)124014.
[13] Virbhadra, K.S.: Phys.Rev. D60(1999)104041.
[14] Virbhadra, K.S.: Phys.Rev. D79(2009)083004.
[15] Lemos, J.P.S.: Phys. Rev. D59(1999)044020.
[16] Ghosh, S.G.: Phys. Rev. D62(2000)127505.
[17] Harko, T. and Cheng, K.S.: Phys. Lett. A266(2000)249.
[18] Sharif, M. and Ahmad, Zahid: Gen. Relativ. Grav. 39(2007)1331.
7
[19] Sharif, M. and Ahmad, Zahid: Mod. Phys. Lett. A22(2007)1493.
[20] Sharif, M. and Ahmad, Zahid: Mod. Phys. Lett. A22(2007)2947.
[21] Sharif, M. and Abbas, G.: Mod. Phys. Lett. A24(2009)2551.
[22] Sharif, M. and Abbas, G.: J. Korean Phys. Society 56(2010)529.
[23] Sharif, M. and Abbas, G.: Astrophys. Space Sci. 327(2010)285.
[24] Joshi, P.S., Dadhich, N. and Maartens, R.: Phys. Rev.
D65(2002)101501.
[25] Joshi, P.S., Goswami, R. and Dadhich, N.: Phys. Rev.
D70(2004)087502.
[26] Zade, S.S., Patil, K.D. and Mulkalwar, P.N.: FIZIKA B17(2008)435.
[27] Kramer, D., Stephani, H., MacCallum, M.A.H. and Herlt, E.: Exact So-
lutions to Einstein Field Equations (Cambridge University Press, 2003).
[28] Ori, A.: Class. Quantum Grav. 8(1991)1559.
[29] D’Inverno, R.: Introducing Einstein’s Relativity (Oxford University
Press, 1992).
[30] Sharma, A.K.: Text Book of Algebra (Discovery Publishing House,
2004).
[31] Nolan, B.C.: Phys. Rev. D60(1999)024014.
[32] Tipler, F.J.: Phys. Lett. A64(1977)8.
[33] Joshi, P.S. and Goswami, R.: Phys. Rev. D76(2007)084026.
8
